Abstract: A magnesium (Mg)-rich primer can provide cathodic protection for an aluminum (Al) alloy due to the lower potential of Mg. However, the Mg-rich primer prepared by simple blends shows poor flexibility and impact resistance. In this paper, bisphenol-A type epoxy resin E-20 was graft modified by hydroxyl silicon oil (HS), amino silane coupling agent and diphenyl-methanediisocyanate (MDI) by three different ways. Then Mg-rich primer was prepared by direct blends of modified resins. Results indicate that the introduction of siloxane groups could improve the comprehensive performance of the coating especially the flexibility and impact resistance. Furthermore, Mg-rich primer prepared from MDI modified epoxy resin even possesses excellent salt spray and aging resistance.
Introduction
The high toxicity and high pollution limit the application of chromate treatment technology, and the magnesium (Mg)-rich primer is proposed as the alternative technology of chromate-free corrosion protection. In analogy to the zinc-rich primer, the Mg in the Mg-rich primer provides cathodic protection for the aluminum (Al) alloy as a sacrificial anode because Mg has a lower potential than Al. Among the Mg-rich primer preparation methods, the direct mixing has the advantage of low cost; however, poor impact resistance and flexibility often emerge corresponding to the high crosslink density and internal stress resulting from the network structure formed during the curing process of the epoxy resin (1, 2) . Moreover, Mg powder of high specific surface area would take further negative impact on the flexibility and impact resistance. As is well known, organic silicones have excellent flexibility, which are often used as modifier for epoxy resin to achieve the high performance (3) (4) (5) (6) . Usually, after the modification process, block copolymers are generated by the reaction of active terminal groups such as hydroxyl, amino and alkoxy in organic silicon with epoxy and hydroxyl groups in epoxy resin, which would improve the stability of resin and the compatibility between epoxy resin and organic silicon, and the flexible Si-O-C chain is introduced into the resin in the meantime. The main reactions are as follows (7, 8) : [1] reaction between epoxy resin and organic silicon with hydroxyl or alkoxy groups (9-11); [2] reaction between epoxy resin and organic silicon with the amino-terminal group (12) (13) (14) ; [3] hydrosilylation reaction between polysiloxane containing the Si-H group of and epoxy resin-containing the vinyl group (15) ; [4] reaction between epoxy resin and organic silicon with carboxyl-terminal group (16) .
In this paper, bisphenol-A type epoxy resin was modified with hydroxyl silicon oil (HS) through graft reaction, and the property of the resultant products was studied in detail. The main reaction is the dehydration reaction between Si-OH groups in silicone oil and secondary hydroxyl groups in epoxy resin. Moreover, a siloxane group was introduced into the above modified system to improve the flexibility and impact resistance of the resin and the compatibility between modified resins with Mg powder. The introduction of amino silane coupling agent (KH550) was aimed to increase the compatibility between silicon oil and epoxy resin. NCO terminated diphenylmethane-diisocyanate silicon (MDI-silicon) prepolymer was also synthesized to bridge epoxy resin and silicone chemically.
Experiment

Materials
2024 Al alloy (CHALCO) plates were obtained from Shanghai Baoxi Industrial Co., Ltd (Shanghai, China). The eposy resin (E-20, colorless, transparent solid) and polyamide curing agent (Ancamide 221, yellow brown clear liquid) were purchased from Huntsman Co., Ltd (Shanghai, China). The 3-Triethoxysilylpropylamine APTES (KH550) (content > 98%) and HS were purchased from Nanjing Union Silicon Chemical Co., Ltd (Nanjing, China). Diphenyl-methane-diisocyanate (MDI, polymerization degree of 2.3) are industrial products which were purchased from Wanhua Chemical Group Co., Ltd (Yantai, China). Dibutyltin dilaurate (DBTDL) was used as a catalyst, which was purchased from NanTong Advance Chemicals Co. Ltd (Nantong, China). Spherical Mg powder (active Mg ≥ 99.8%) with particle size of 60 µm (200 mesh) was purchased from Tangshan Weihao Magnesium Powder Co., Ltd (Tangshan, China).
Modification of epoxy resin
HS modified epoxy resin
HS modified epoxy resin was prepared as follows. First, 300 g of epoxy resin (70% solids), 40-100 g of HS and 1.5-2 g of catalyst were added in a 500 ml four-neck bottomed flask equipped with a mechanical stirrer, thermometer and reflux condensing tube. Then, the above mixture was stirred at 500 rpm under purging nitrogen. In the meantime, the mixture was heated to 155-160°C and reacted for 5-6 h with and without an oil-water separator, respectively. Finally, the reaction system was cooled down to ambient temperature to obtain the modified product.
HS and KH550 co-modified epoxy resin
The HS-KH550 co-modified epoxy resin was prepared through two steps. First, 300 g of epoxy resin (70% solids), 10-20 g of KH550 and 0.6 g of DBTDL catalyst were added in a 500 ml flask equipped with an oil-water separator and the mixture was then heated to 60°C at 500 rpm and reacted for 2 h under purging nitrogen. Subsequently, 20-40 g HS and 0.8 g catalyst were added in the above system under stirring and purging nitrogen. The resultant mixture was then heated to 155-160°C and reacted (about 4 h) until no water as produced in the separator. Finally, the modified product was obtained by cooling the reaction system down to ambient temperature.
HS and MDI co-modified epoxy resin
HS-MDI prepolymers should be synthesized for preparing HS and MDI co-modified epoxy resin. The detail synthesis process is as follows. First, 100 g of MDI was added in a 250 ml flask equipped with a mechanical stirrer, thermometer and reflux condensing tube and stirred at 500 rpm under purging nitrogen. Then, the above system was heated to 70°C. Afterwards, HS was added by batch feeding, semi-continuously dropping and continuously dropping under purging nitrogen. According to batching feeding, 80-120 g of HS was added in a batch to the above system and reacted for 2 h at 70°C. The semi-continuously dropping was conducted by adding 20-30 g of HS first and then heating the mixture until the viscosity started to increase. The residual HS was dropped into the system for 1 h and reacted for another 1 h at 70°C. As for continuously dropping, 80-120 g of HS was dropped in 2 h and reacted for another 1 h at 70°C.
The modification of epoxy resin was performed as follows. First, 280 g epoxy resin (50% solids) and 1.7-2.1 g catalyst was added in a 500 ml reactor, which was then heated to 65°C at 500 rpm under purging nitrogen. Afterwards, 70-140 g prepolymer solution (diluted by cyclo hexanone to 50% solid and free-MDI was extracted by xylene) was dropped in the system in 2 h and reacted for another 2 h under purging nitrogen. The final reaction product was cooled down to ambient temperature to obtain the modified product.
Preparation of Mg-rich primer
Mg powder was pre-modified before using. First, Mg powders were immersed in enough xylene for about 6 h and then a certain amount of KH560 was added after removing of excess xylene by infiltrating. After vibrating sufficiently, the system was placed for about 12 h and filtrated to remove the excess KH560. A certain proportion of epoxy resin, pre-modified Mg powders and solvent were added together in a specific order. The above mixture was stirred at 3000 rpm for 20-30 min by a high speed dispersing machine to obtain component A (main agent). The curing agent of ancamide 221 was first diluted to 50% and then mixed with the component A in the ratio of 6:10 (mass ratio) to obtain the Mg-rich resin.
2024 Al alloy plates were selected as substrates of Mg-rich primer. The 2024 Al alloy plates with 2 mm thickness (made in China) were cut into 150 × 70 mm sizes. The cut plates were lightly polished by 200 mesh abrasive and were then cleaned by acetone. The Mg-rich primer samples were prepared by spraying Mg-rich resin on the pre-treated substrates and were cured at room temperature (STP). The coatings thickness was controlled within 150 ± 10 µm.
Characterization
Molecular structures of modified resins and coating samples were characterized by a Nicolet380 Fourier transform infrared spectrometer (FTIR, Thermo, USA) using KBr pellets technique. PL-GPC50 gel permeation chromato graphy (Varian, USA) was used to characterize the molecular weight distribution, and the glass transition temperature (T g ) of the modified resin were characterized by a DSC differential scanning calorimeter (Mettler Toledo, Switzerland). The composition analysis of modified products containing MDI was performed using a Gas (7890a)-Mass (5975C) combined chromatography (Agilent, USA). The aging test and the salt spray test were conducted by putting the coating samples into a Ci4000Xenon Weather-Ometer (Atlas, USA) and a BGD880 salt spray test box (Guangzhou, China), respectively. The chalking, blistering and other corrosion phenomena were observed at regular intervals during the whole experimental cycle.
The impact resistance of samples was tested by a QCJ-50 impact tester (Shanghai, China) using 500 g impact force and estimated through the sustainable maximum impact height (without cracking on the film surface). The flexibility of samples was tested through the bending method using a QTX flexibility tester (Tianjin, China) and then estimated by the sustainable minimum bending diameter (without cracking on the film surface).
Results and discussion
Synthesis and performance study of HS modified epoxy resin
With the catalyst, two kinds of reactions might theoretically occur between hydroxy silicon oil and epoxy resin, the reaction equations are listed as follows (17) . Schemes 1 and 2 give the dehydration and etherification reactions of the hydroxyl groups between silicon oil and epoxy resin. According to the theoretical reaction equations and the molecular weight of the reactants (E20, M w = 1800; HS, M w = 860), the theoretical mass ratio of E-20:HS was about 2:1. Figure 1A shows the FTIR spectra of E-20, HS and the modified products obtained at this mass ratio in two ways (with and without an oil-water separator).
In comparison with E-20, the absorption peaks at around 910 cm −1 and 1250 cm −1 in the modified products are unchanged. The above absorption peaks corresponding to the characteristic symmetric and asymmetric vibrations of the epoxy group, and the result indicates that the epoxy group is unchanged after modification. However, for modified products, the stretching vibration peaks at 1100-1000 cm −1 corresponding to C-O bond become broader and stronger, and the double absorption peak at 830-800 cm −1 corresponding to stretching vibration of C-C in the aromatic ring is observed. In combination with the FTIR spectrum of HS, the following reasons are proposed to explain the above results (7, 11) . The substitution of -O-Si for -O-H in the C-O-Si bond formed during the dehydration reaction is considered an attribute of the broader absorption peak of C-O, and the absorption peak of the Si-O-Si bond in HS at 1090-1035 cm −1 contributes to the strengthen of the stretching vibration peaks at 1100-1000 cm −1 . The overlap of stretching the absorption peak of Si (CH 3 ) 2 groups at 820-800 cm −1 and the absorption peak of C-O at 830-800 cm −1 is ascribed to the appearance of the double peak. Another reason for the above phenomena can be explained in that grafting reaction has not occurred between HS and E-20, and the detected spectrum results from the physical superposition of absorption peaks in both materials. Among them, the stretching vibration absorption peak (1090-1035 cm , respectively. By comparing the FTIR spectra of the modified products obtained with and without an oil-water separator, the apparent absorption peak is observed at 1710 cm −1 for the product obtained without an oil-water separator, which is consistent with E-20. Generally, the absorption peak at 1710 cm −1 belongs to C=O caused by the conjugation of in E-20, however, the conjugation is destroyed by the grafted C-O-Si bond for the product obtained with an oil-water separator (18) resulting in the disappearance of the characteristic peak. The FTIR spectra analyses indicate that the main reaction which occurred with an oil-water separator is the dehydration reaction of the hydroxyl group between HS and E-20 which is reversible, and the epoxy groups are unchanged. Therefore, byproducts of water should be continuously removed to ensure the performing of the dehydration reaction.
Effects of the reactant ratios on the modified resins
The effects of the reactant ratios on the modified resins was studied by setting the mass ratio of E-20 : HS with 2 : 1, 2.5 : 1, 3 : 1, 3.5 : 1, 4 : 1 and 5 : 1, respectively. Figure 2A shows the GPC curves of the modified resins obtained with different mass ratios of E-20 : HS.
From Figure 2A , all the curves show a similar shape, especially in the region of low molecular weight. However, the initial time and the height for every curve are different, which indicates that the graft reactions occurred on partial molecular chains, and all reactant products contains the low molecular pre-resin. By analyzing the initial time, the initial peaks of samples with reactant ratios of 2 : 1 and 2.5 : 1 were detected firstly corresponding to the high molecular weight of M w = 8000 − 10000, indicating the dehydration reaction is prone to occur with a large amount of HS, and the graft reaction occurs between the HS chains resulting in a branch structure. Subsequently, the initial peaks of samples with reactant ratios of 3 : 1 and 3.5 : 1 were detected corresponding to the molecular weight of M w = 7000 − 8000. The initial peaks of samples with reactant ratios of 4 : 1 and 5 : 1 were detected lastly corresponding to the molecular weight of M w = 4000 − 5000. These results indicate that the amount of HS has effects on the grafting proportion and chain length of the modified resins. The fitting values embedded in Figure 2 gives the M w and polydispersity indexes (PDI = M w /M n ) of the products. As shown in Table, the M w and PDI of the modified products increase with increasing the HS amount resulting in more branch structures and longer chain lengths, which has detrimental effects on the curing performance of the modified resins. Taken together, the appropriate reactants ratio is selected as 4 : 1 to ensure a more organic silicone group being grafted in the resin. In addition, as shown in Figure 2 , the negative peaks appeared in the GPC curve come from the solvent (DMF) and the residue HS, respectively.
The effects of the reactant ratio of E-20 : HS on the thermal performance was studied by analyzing the glass transition temperature (T g ) of samples which was obtained from differential scanning calorimetry (DSC) characterization, and Figure 3A displays the DSC curves and the embedded table lists the T g of different samples.
From Figure 3A , the T g of all the modified products is lower than that of E-20 (T g = 32). Moreover, the bigger the dosage of HS, the more the modified resin shows a lower T g . The decrease of T g is due to the flexibility of the Si-O-Si chain with low T g contained in the graft HS molecules which does not enter in the epoxy network. The HS indicates a more flexible Si-O-Si chain introduced in the network, resulting in a lower T g and improved flexibility. In other words, the thermal performance of the modified products has a negative correlation with the introduction of a flexible Si-O-Si chain, however, a positive correlation between the flexibility and the dosage of flexible Si-O-Si chain is proposed.
The stability of the modified products was estimated by observing the stratification of samples diluted to 50% solids at regular intervals. The results are listed in Table 1 (upper).
From Table 1 , by increasing the reactants ratio, i.e. reducing the amount of HS, the stratification degree decreases and the sample shows a better stability. A sample with the reactant ratio of 5 : 1 shows a slight stratification after standing for 120 days. IR analyses reveal the main ingredients of the supernatant are unreacted HS or a HS oligomer, which indicates the amount of HS used in the grafting reaction is far less than the theoretical value (2 : 1). Therefore, in order to prepare stable modified resins, the suitable reactant ratio should be more than 4 : 1, and it is best to reach 5 : 1 to ensure more organic silicone group grafting in E-20.
Performance study of Mg-rich primer prepared from modified resin
The modified resins with good stability (samples 4-6 in Table 1 ) were selected to prepare Mg-rich coating with PVC of 45% after removing the supernatant, and Table 2 (samples 2-4) gives the performance of coatings.
As shown in Table 2 , in comparison with the coating prepared from E-20 (sample 1), the coatings prepared from modified resins have the significantly improved impact resistance and flexibility because of the introduction of the flexible Si-O-Si chain. In addition, the surface morphology was also improved, which can be attributed to the surface enrichment of unreacted low surface energy HS during the curing process. After 1000 h of salt spray testing, no bloom is observed for all samples prepared from modified resins but there are a few blisters. Moreover, the sample with more silicone oil appears to have more blisters, resulting in a poor salt spray resistance. During the curing process, the unreacted low surface 2 )] was more prone to occur in a Cl − environment. In order to prove the above analysis, all modified coatings were immersed in deionized water for 6 months and no blisters were observed on coating surfaces, indicating the blisters are not mainly caused by H 2 O. After 3000 h aging, no chalking was observed on modified coatings, but serious chalking emerged on E-20 coating (sample 1). The improvement of aging resistance is attributed to the introduction of the Si-O-Si chain which has excellent aging resistance. Unfortunately, floating appeared on the modified coating surface after aging test. Furthermore, the more HS is used, the more serious the floating that is observed. The surface migration of unreacted HS is believed to be responsible for the above phenomena.
Synthesis and performance study of HS and KH550 co-modified epoxy resin
The HS and KH550 co-modified epoxy resin was prepared in two steps. In the first step, the main reaction which occurred between KH550 and E-20 is an addition reaction, and the typical equation is shown in Scheme 3 (17) . In the second step, the main reaction is the dealcoholization which occurred between the hydroxyl of HS and oxyethyl group, which is shown in Scheme 4 (19) .
According to the reaction equations and molecular weight of reactants (E20, M w = 1800; HS, M w = 860; KH550, M w = 221), the theoretical mass ratio of reactants was about 10 : 2 : 1 (E-20 : HS : KH550). HS and KH550 co-modified epoxy resin were prepared at this ratio according to the above two steps. After reacting for 2 h, the intermediate product produced at the first step was extracted and characterized by IR spectroscopy. The degree of reaction can be evaluated by detecting the characteristic absorption peaks of amine group. Figure 1B displays In general, the characteristic absorption peaks of amine are generated from vibrations of the N-H and C-N bonds. The characteristic stretching absorption peaks of N-H bond appear at 3500-3300 cm −1 . Two absorption peaks corresponding to symmetric and asymmetric stretching vibration would be observed for primary amine, and one and zero peaks would be observed for secondary and tertiary amines, respectively. The stretching absorption of C-N in fatty amine would appear at 1250-1020 cm −1 , which is weak and difficult to identify. Additionally, moderate bending absorption peak at 1650-1510 cm −1 would be observed for the primary amine, and a weak peak would be observed for the secondary amine. Furthermore, the primary amine would show the widely moderate absorption peak at the fingerprint region (900-700 cm shows no apparent differences, indicating epoxy groups exist in the intermediate product. IR results indicate that the main reaction which occurs at the first step is the addition reaction between the primary amine and epoxy group, and the primary amine groups are completely consumed. According to the final modified product, strong and broad double absorption peaks are observed at 1100-1000 cm −1 , which is ascribed to the superposition of stretching vibration absorption of C-O-Si, C-O-H and Si-O-Si. Double absorption peaks also emerge at 830-800 cm −1 due to the superposition of stretching vibration absorption of Si (CH 3 ) 2 group and the C-C bond. Furthermore, the symmetric and asymmetric stretching vibration absorption peak of the epoxy group at around 910 cm −1 and 1250 cm −1 are still retained in the final product. Compared with the intermediate product, the characteristic peak of -OC 2 H 5 at 950 cm −1 becomes weak indicating some of -OC 2 H 5 groups participated in the graft reaction with HS.
Effects of the reactant ratios on the modified resins
The mass ratios of reactants (E-20 : HS : KH550) were set as 10 : 2 : 1, 10 : 1.5 : 1, 10 : 1 : 1, 10 : 2 : 0.5, 10 : 1.5 : 0.5 and 10 : 1 : 0.5. Molecular weights and molecular weight distributions of the prepared modified resins were determined by GPC, and the results are shown in Figure 2B . From Figure 2B , the samples are divided into two teams by the dosage of KH550. The initial peaks of samples prepared from the high KH550 ratio of 1 are all detected earlier than that prepared from the high KH550 ratio of 0.5, indicating a high M W . The effect of HS on the final products is studied by fixing the ratios of E-20 and KH550. Results indicate that HS has an effect on the proportion of product of high M w i.e. product with a long chain. The M w and PDI of products were fitted according to the GPC curves and are listed in the table embedded in Figure 2B . The fitted results show that samples with ratio of KH550 = 1 have a higher M w (17500-27000) and a bigger PDI (> 10) than samples with ratio of KH550 = 0.5. Results indicate that too much KH550 would induce excessive growth of the chain, which contributes to the formation of excessive chains of branch structures or cross-linked structures.
The glass transition temperature (T g ) of products was calculated from DSC, and the result DSC curves and T g are displayed in Figure 3B and the embedded table. From Figure 3B , all the modified resins show a higher T g than E-20, which is ascribed to enhancement of molecule stiffness resulting from the introduction of KH550. By fixing the dosage of KH550, the amount of HS affected T g slightly, which indicates the increase of T g is originated from KH550. According to the above analyses, the suitable ratio of KH550 was selected as 0.5.
The modified products were diluted to 50% solid content and put into a 200 ml transparent beaker. The stability of the products were estimated by observing the stratification of samples at regular intervals, and the results are listed in Table 1 .
Results indicate that the three samples prepared with a ratio of KH550 = 0.5 have a better stability that those prepared with ratio of KH550 = 1. During the observation period, the flocculation or gelling phenomenon appeared in all samples with a ratio of KH550 = 1. However, samples with a ratio of KH550 = 0.5 have a certain degree of mobility despite the increase in viscosity. For samples with a ratio of KH550 = 0.5, the dosage of HS affects the transparency and storage stability of the modified resins. The more HS is used, the lower the transparency the product has. However, the product shows a poor stability with less HS. Therefore, the most suitable ratio of HS is 1.5.
Performance study of Mg-rich primer prepared from modified resin
Mg-rich coatings with the PVC of 45% were prepared from the modified resins having good stability, and the performances of coatings are displayed in Table 2 (samples 5-7). From Table 2 , the flexibility and impact resistance of Mg-rich coating prepared from the modified resin are significantly improved. After 5000 h of salt spray, no bloom was observed on all samples except a few of blister emerged on sample 5. The proposed reason is the surface migration of unreacted HS during the curing process which would make the corrosion reaction easy (cathodic reaction:-OH+1/4O 2 +1/2H 2 O+2e---2OH − , anodic reaction: Mg+2OH − --Mg(OH) 2 +2e or Mg+2Cl − ---MgCl 2 +2e). After the 5000 h aging test, no chalking appeared on all samples indicating the coating aging resistance is significantly enhanced because the Si-O-Si chain introduced into the modified resin possessed excellent aging resistance. Unfortunately, floating with a wave shape appeared on sample 5 and sample 6 after the aging test, which is due to the deterioration of unreacted HS which is transferred to the coating surface during the curing process.
Synthesis and performance study of HS
and MDI co-modified epoxy resin
Preparation of HS-MDI prepolymer
The main reaction occurred between the -NCO group and hydroxyl of HS is the addition reaction. The typical equation is shown in Scheme 5 (20) . According to the equation, the pre-polymers were prepared by setting the mass ratio of HS : MDI as 0.8 : 1, 1 : 1 (theoretical calculation) and 1.2 : 1 through three feeding modes, and the results are shown in Table 3 .
From Table 3 , the prepolymer prepared through the semi-continuously dropping mode has a good stability and the reaction process is smooth. In addition, the prepolymer prepared with HS : MDI of 1 : 1 has a good fluidity within 48 h. Finally, the stable prepolymer (extracted by xylene to remove free MDI) was characterized by IR spectroscopy, and the results are displayed in Figure 1C .
As shown in Figure 1C , characteristic absorption peaks at near 3332 cm −1 and 1700 cm −1 are observed in the prepolymer spectra, which is corresponding to characteristic absorption of -NH in carbamate and -C=O, respectively. Furthermore, a strong absorption peak appeared at around 2276 cm −1 corresponding to the characteristic absorption of -NCO groups. In addition, strong double peaks appeared at 1090-1030 cm −1 corresponding to superposition of stretching vibration absorption of the Si-O-Si bond and C-O-Si bonds. The IR results indicate HS and MDI co-modified prepolymer was prepared successfully.
Modification technology study
Effect of catalyst
Tertiary amine and organic tin are generally used as catalysts for the addition reaction between the -NCO group and the hydroxyl of epoxy resin. In this study, dibutyltin dilaurate (DBTDL) was chosen as the catalyst. The fixing mass ratio (E-20: prepolymer) of 2 : 1 coatings were prepared by varying the dosage of DBTDL, and results are listed in Table 4 .
From Table 4 , samples prepared without catalyst (sample 1) or with a little catalyst (sample 2) show no obvious change during the reaction process and gelling occurred in short time. However, gelling occurred during the reaction process when the amount of catalyst is 0.8% (sample 5), indicating the amount of catalyst is excessive, which results in a vigorous reaction. When the amounts of catalyst are 0.4% and 0.6%, the resultant products (sample 3 and sample 4) are homogeneous and translucent and keep a stable viscosity for a long period (keeping good flow ability after 15 days).
Effect of reaction time
By fixing the dosage of catalyst at 0.5%, products were obtained by reacting for 4 h and 8 h, respectively. The Figure 1C . From Figure 1C , the spectra of the two samples are essentially consistent. A strong and broad double peak is observed at around 3340 cm −1 corresponding to superposition of stretching vibration absorption of -NH in urethane and -OH in the resin molecule. The characteristic absorption of the -C=O group in urethane is observed at around 1715 cm . IR results indicate that the MDI and HS comodified epoxy resin was prepared successfully. Further analysis of the two spectra indicate that the characteristic absorption peak of -NCO group (around 2276 cm −1 ) decreases significantly but does not disappear in the sample with the reaction time of 8 h, indicating the -NCO groups cannot be completely consumed by prolonging the reaction time. Based on the above analyses, the suitable time is 4 h to avoid the formation of excessive branch structure which is easily formed with a long reaction time.
Effect of reactant ratio
By fixing the catalyst dosage of 0.5% and the reaction time of 4 h, modified resins were prepared by setting the mass ratio of reactant (E-20 : pre-polymer) as 1.5 : 1, 2 : 1, 3 : 1 and 4 : 1, respectively, the results are shown in Table 4 .
Results indicate that the modified resin shows a better initial state and stability with the increase of reactant ratio, i.e. decrease of pre-polymer. When the ratio is increased to 4 : 1, a clear and transparent product was obtained and the viscosity of the product is moderate which stays stable by standing for 60 days, indicating the modified resin has excellent stability.
Performance study of Mg-rich primer prepared from modified resin
Mg-rich primer with the PVC of 45% was prepared with the modified resins having good stability (sample 9 in Table 4 ), and the performances of the coating have been tested and are shown in Table 2 (sample 8) .
From Table 2 , impact resistance and flexibility of the coating are improved significantly compared with E-20 coating. After the 5000 h salt spray test, no blisters appeared on the coating surface but a little bloom emerged at the scratch. After aging for 5000 h, no chalking and floating appearance was observed. The HS and MDI co-modified coating has a greater improvement on performances than the previous two kinds of modified coatings. This is because the grafting efficiency of HS is raised greatly due to the bridging of MDI, and unreacted HS residue is small. Moreover, the cooperation of the flexible Si-O-Si segment (introduced by grafting HS) and urethane carbamate (generated through addition reaction between the -NCO group and hydroxyl) in modified resin also contributes to the performance improvement.
Conclusions
In this paper, E-20 was modified by HS in three ways. The modification technology as well as the performances of the modified products was studied in detail. According to HS modified E-20, the suitable ratio of reactants is 4 : 1 (E-20:HS). For the HS and KH550 co-modified E-20, the suitable ratio of reactants is 10 : 1.5 : 0.5 (E-20 : HS : KH550). For HS and MDI co-modified E-20, the suitable ratio of reactants is 4 : 1 (E-20 : HS/MDI pre-polymer). With appropriate technology, the modified resin with good applied properties was obtained. These properties include good stability, excellent film-forming ability, compatibility with Mg power and so on. Mg-rich primer was prepared by direct blends of modified resin. The basic coating property especially flexibility and impact resistance are significantly improved compared with E-20 coating. Furthermore, the protective property of modified coating such as anti-salt spray and aging resistance is also improved especially for MDI modified coating.
